Strengthening routine immunization is one of the four prongs of the Global Polio Eradication Initiative. Achieving this requires improving immunization coverage in hard-to-reach areas. The objectives of this analysis were to assess levels of oral polio vaccination coverage and challenges in pastoral and semi-pastoral regions in Ethiopia. The analysis included vaccination-related data for children aged 12-23 months from the 2011 Ethiopian Demographic and Health Survey (EDHS) and from surveys carried out by the CORE Group Polio Project (CGPP) in 2013, 2015, and 2017. The EDHS data were from the entire regions (states) of Somali; Oromia; Southern Nations, Nationalities, and Peoples; Benshangul-Gumuz; and Gambella, whereas the CGPP data were for portions of these states where the CGPP was working and consisted entirely of pastoralist or semi-pastoralist populations. The overall polio immunization coverage rate showed upward trend from 39.6% in the 2011 EDHS to 72.6% for 2017 survey of children in the CGPP intervention areas. The evidence suggests that the CGPP was able to achieve increasing levels of coverage in the hardest-to-reach areas of these states and that the levels were higher than those achieved in the states as a whole. The strategies used by the CGPP/Ethiopia to increase coverage appear to have been effective. Other characteristics associated with full polio immunization included mother's religion and education, whether the mother had heard about polio, knowledge on the effect of many polio vaccine doses, and age at first polio immunization.
INTRODUCTION
Ethiopia's last indigenous case of wild poliovirus occurred in 2001, and its last case of imported wild poliovirus was reported in 2014. 1 Ethiopia remains a high-priority country in the Global Polio Eradication Initiative (GPEI) because of the high risk of importation of wild poliovirus from the neighboring countries of Kenya, Djibouti, and especially from the conflictaffected countries of Somalia and South Sudan. 2 In addition, Ethiopia is also a high-priority country for the GPEI because of its large population of highly dispersed and often mobile people living in areas of low population density, making high levels of immunization coverage a challenge. In the most recent Ethiopian Demographic and Health Survey (EDHS) published in 2016, only 30% of children living in rural areas in Ethiopia were fully vaccinated at the appropriate ages. Furthermore, only 53% of children in rural areas had received the full recommended three doses of oral polio vaccine (OPV 3). 3 The CORE Group Polio Project (CGPP) has been active in Ethiopia since 2001, focusing on promotion of routine immunization services, polio immunization in particular, and surveillance for vaccine-preventable diseases in hard-to-reach pastoralist and semi-pastoralist populations and in high-risk border areas of Ethiopia in the following regional states: Somali; Oromia; Southern Nations, Nationalities, and Peoples (SNNP); Benshangul-Gumuz; and Gambella Region (Figure 1) . A history of the CGPP and its work in Ethiopia are described elsewhere in this series. 2 The CGPP implements its programs through a network of international and national non-governmental organizations coordinated by a national secretariat.
This article examines the population coverage of OPV in the CGPP program areas and the influences on coverage, using survey data collected between 2011 and 2017. The CGPP program areas contain 13 million children younger than 15 years, and the CGPP has trained more than 12,000 community volunteers (CVs) to promote immunizations and conduct surveillance in the CGPP program areas (described elsewhere in this series 5 ).
METHODS
Data sources, sampling methods, and data collection procedures. Data for this analysis were extracted from five household surveys that were conducted in the CGPP implementation area: three CGPP surveys that were conducted in 2013, 2015, and 2017, and the 2011 and 2016 EDHS regionwide data for those regions in which the CGPP is operating. The CGPP contracted with an independent consultant from Addis Ababa for the mid-term (2015) survey and a consultant from the Faculty of Public Health at Jimma University for the baseline (2013) and final evaluation (2017) surveys. The data from the 2011 to 2016 EDHS survey used for the analysis were obtained from Measure DHS. The sampling procedure for the 2011 and 2016 EDHS survey is described elsewhere. 3, 6 The EDHS data used for this analysis are representative of the entire regions where the CGPP operates, whereas the CGPP survey data are representative only of those portions of the regions where CGPP operates.
The sampling procedure for the three CGPP surveys was identical: the standard WHO 30-cluster sampling methodology, but the sample size was expanded to compare differences between geographic areas within the CGPP program area. The sample size for specific zones within each region where the CGPP was working was determined by a probability-proportional-to-size (PPS) method. The sample sizes were as follows: 607 for the 2013 survey, 585 for the 2015 survey, and 672 for the 2017 survey.
Data analysis. Only a subset of the 2011 and 2016 EDHS survey data was used for this study, namely, the data obtained from households in the regional states where the CGPP is operating: Somali, Oromia, SNNP, Benshangul-Gumuz, and Gambella and children aged 12-23 months. The CGPP implementation areas include five of nine zones of Somali, all three zones in Benshangul-Gumuz, all three zones in Gambella, two of 20 zones in Oromia, and two of 21 in SNNPR. All of these zones are located in pastoral and semi-pastoral regions that are considered hard-to-reach areas or in high-risk border areas ( Figure 1 ).
In all five surveys, data were collected from mothers during face-to-face household interviews. The respondents for the three CGPP surveys were the mothers or caregivers (hereafter referred to as mothers) of children 12-23 aged months, whereas the 2011 and 2016 EDHS survey collected childhood immunization data from mothers of children younger than 5 years. For our analysis, we extracted data of children aged 12-23 months from the EDHS surveys to match the analysis of CGPP survey category. Sociodemographic variables related to mothers and children were coded similarly across surveys before analysis. During the 2013 CGPP baseline survey, mother's age, gender of child, birth date, place of birth, and OPV 2 status were not collected. Place of birth was also not collected in the 2015 survey. Thus, these data are missing from the tables in the results section.
Oral polio vaccination coverage was calculated based on information written on the child's vaccination card if present or, if not, on a report from the mother. For the calculation of OPV coverage, weights were used for the two EDHS surveys, whereas for CGPP surveys, no weight was used as the sample was carried out using PPS, but the standard errors for the cluster design were adjusted using the "svy" command in STATA. A child was considered fully vaccinated for polio if all three doses of OPV (OPV 1, OPV 2, and OPV 3) were documented to have been received irrespective of whether the birth dose (OPV 0) had been received. Age at vaccination was determined for polio birth doses and for the first dose (OPV 1) provided that the date of birth and the date of vaccination were available. Those children who received OPV 0 within the first 2 weeks of birth and those who received OPV 1 at 6 weeks of age or later were considered timely vaccinated. In addition, the time intervals between OPV 1, OPV 2, and OPV 3 doses were calculated for those children whose dates of vaccination were recorded on their vaccination card. An interval of fewer than 28 days was considered as early vaccinated.
We used STATA version 14.0 (Stata Corp., College Station, TX) for analysis of the data and the chi-squared test of association between individual background characteristics and the five separate surveys. To assess the independent influence of specific background factors on full polio immunization, we used multivariable binary logistic regression and calculated adjusted odds ratios (ORs) and their associated 95% confidence intervals using only the data from the three CGPP surveys.
Ethical considerations. Measure DHS gave permission for analysis of the 2011 and 2016 EDHS data. As the CGPP survey data were collected for monitoring and evaluation purposes rather than for research purposes, we did not request formal approval from an institutional review board to carry out the surveys in 2013, 2015, and 2017. Nonetheless, before the implementation of the surveys, the CGPP secretariat in Addis Ababa provided each of the zonal and regional health offices with an official letter stating the purpose of the surveys. We obtained verbal approval from all respondents after informing them that their participation was voluntary and that their responses would be kept strictly confidential.
RESULTS
Comparison of background characteristics for respondents in the CGPP implementation area with those in the regional states as a whole. Table 1 shows the background characteristics of sampled household respondents and children included in different surveys. Distribution of the sampled population by region of residence, urban versus rural location of residence, age, education and religion of mother, and gender of child are all similar in the three CGPP surveys. Somali households comprise 38-40% of the respondents in the CGPP surveys, whereas they comprise only 15% of the respondents in the subset of 2011 EDHS data used for our analysis. The characteristics of the respondents in the CGPP surveys were otherwise broadly similar to those in the 2011 EDHS data included in our analysis except that the CGPP surveys contained a slightly higher percentage of Muslims (48-52% compared with 43% in the DHS data). Of note, however, is that the 2011 EDHS report indicates that 90% of respondents delivered their baby at home, and the percentage of home deliveries declined to 73% in 2016; the 2017 CGPP survey data indicated a much smaller percentage of home deliveries-47%. The lower percentage of home deliveries in the CGPP areas may reflect the fact that one of the core activities of CVs is the promotion of facility deliveries among pregnant mothers. Across all the five surveys, respondents were overwhelmingly rural (87-95%) and had limited education (64-67% had no education).
Comparison of oral poliovirus immunization coverage levels in the CGPP implementation area with those in the regional states as a whole based on information from card and mothers' report. Figure 2 compares the levels of OPV immunization coverage for the three CGPP surveys in the high-risk and hard-to-reach CGPP implementation areas with those for the entire populations of the five regional states where the CGPP implementation areas are located. Oral polio vaccine 0 coverage is two to three times higher in the CGPP area compared with regional values (49-59% versus 15-27%). OPV1 and OPV2 immunization coverage levels are comparable (data for OPV 2 were not available for 2013 baseline survey), and OPV 3 levels are approximately two times higher (67-86% versus 41%) in the CGPP areas. Full OPV coverage, based on appropriate dosing intervals, is substantially higher in the CGPP intervention areas than in the regional states as a whole (66-73% versus 40%). Although the OPV coverage levels in the CGPP implementation area did not show any consistent improvements between 2013 and 2017, levels remained steady and were consistently much higher than for the regional states as a whole. The data used to calculate coverage are shown in Supplemental Appendix Table 1 .
The other indicators were age at OPV 0 and OPV 1, and the interval between successive doses of OPV (i.e., the interval between OPV 1 and 2, and between OPV 2 and 3). Although OPV 0 is supposed to be provided within the first 15 days of life, 14.6% of children were given OPV 0 after 15 days of birth. There was improvement in this indicator over time, with a declining trend from 2011 (58.7%) to 2017 (9.5%) in the percentage of children in the CGPP program areas receiving their OPV 0 vaccination after 15 days of life. Similarly, 23.6% of children took OPV 1 before the minimum starting age of 6 weeks of age, with the highest percentage (28.2%) observed in 2015. In addition, the minimum interval between successive doses of OPV of at least 28 days was not respected in a substantial percentage of cases: the percentage of children who were vaccinated with OPV 2 less than 4 weeks after their vaccination with OPV 1 was 9.8% according to the dates shown in the vaccination cards in the two CGPP surveys (2015 and 2017), and 7.5% received OPV 3 before a sufficient time interval had elapsed after OPV 2 (see Supplemental Appendix Table 1 ).
Influences on OPV coverage. An analysis of the influences on OPV coverage indicate that coverage levels are slightly higher among mothers aged 20-29 years compared with younger and older mothers for the CGPP implementation areas (see Supplemental Appendix Figure 1 ). Oral polio vaccine coverage levels are lower among mothers with no education compared with those with formal education, but coverage does not increase among those with at least some education as the educational level increases (see Supplemental Appendix Figure 2 ). Religion had a modest influence on OPV coverage. Mothers who are Christian have children with slightly higher coverage levels than do those who are Muslim or who are in the "Other" religious category (see Supplemental Appendix Table 2 ).
The influence of background characteristics on the knowledge of mothers about polio, on their opinion of the effect of many OPV doses on children, and on the age at first dose of OPV were assessed for the respondents in each of the three CORE Group surveys. As shown in Figure 3 , there is a notable and sustained increase between 2013 and 2017 in the percentage of mothers who had heard about polio, who believed that their child would be more protected with multiple doses of polio vaccine, and who knew that children should receive their first polio vaccination during the first 2 weeks of life. Knowledge was consistently better for mothers in urban compared with rural areas, for those with more education, for Muslims, and for those whose child had been born in a health facility (see Supplemental Appendix Table 3 ).
About 92% of the respondents in the CGPP implementation areas had heard about polio and acute flaccid paralysis (AFP) in 2017 compared with 64% in 2013. Similar marked improvements in knowledge were noted between 2013 and 2015 and sustained in 2017 for awareness about the benefits of multiple OPV doses (i.e., it provides more protection) and knowledge about when her child should receive its first polio vaccination (during the first 2 weeks of life) (Figure 3 ). During the 2017 survey, source of information on polio was inquired for those respondents who reported that they had heard about polio. Accordingly, among those who had heard about polio or AFP (617), health workers (462 [74.9%]), CVs (362 [58.7%]), community leaders (143 [23.2%]), and friends and neighbors (143 [23.2%]) were the most reported sources of information.
Multivariate analysis. We fitted a multivariable binary logistic regression model for children who received the third polio vaccine dose (OPV 3), verified from card, to identify independent factors that influenced the uptake of OPV coverage, combining data from the three CGPP surveys (2013, 2015, and 2017) after considering the design effect of the cluster sampling. The important statistically significant independent influences on OPV 3 coverage, as shown in Table 2 , were survey year (time), mothers' religion and educational status, and mothers' belief on the effect of repeated polio vaccination. There was an improvement in coverage over time in 2015 compared with the baseline in 2013 after controlling for other independent variables. Christian mothers had children with a higher rate of OPV 3 vaccination (OR = 2.67) compared with Muslim mothers. Mothers with 5-8 and 9+ years of education had higher levels of OPV 3 immunization (OR = 2.02 and OR = 3.90, respectively) compared with mothers with no education. Those who knew that many doses of OPV would provide additional protection to the child and do not know the effect had a higher rate of OPV 3 coverage compared with those who said it would harm the child (OR = 3.57 and OR = 2.66, respectively).
DISCUSSION
Our analysis included five data sets: the 2011 and 2016 EDHS survey (which included data only from the five regions, which contained the CGPP implementation regions), and subsequent surveys conducted by CORE Group in 2013, 2015, and 2017 in the pastoral and semi-pastoral hard-to-reach areas in Somali, Gambella, Benshangul-Gumuz, Oromia, and SNNPR where the CGPP was implementing its activities. The population coverage of polio vaccination was substantially higher in the CGPP implementation areas compared with the regions as a whole. The birth polio vaccine (OPV 0) coverage increased 3fold and the coverage of the third polio vaccine dose (OPV 3) almost doubled from 2011 to 2017. Based on information from vaccination cards in the CGPP areas, the multivariate analysis demonstrated that OPV 3 coverage had a statistically significant associations with the date of the survey (coverage increased over time), mothers' religion (higher coverage among children whose mothers were Christian), and education (higher coverage among children whose mothers had more education) as well as mothers' who believe that multiple doses are beneficial and provide more protection.
Oral polio vaccination coverage and factors. Strengthening routine immunization is one of the four prongs of the GPEI. The remaining road toward eradication will require improved access to populations in hard-to-reach areas. 7 The objectives of this analysis were to assess levels of oral polio vaccination coverage and challenges in pastoral and semipastoral regions in Ethiopia.
Survey data from 2015 to 2017 (based on card plus maternal report) showed oral polio vaccination coverage for the three doses (OPV 1, OPV 2, and OPV 3) in pastoral and semipastoral region of Ethiopia was 74.2%; 17.0% had never received any OPV. Birth dose OPV (OPV 0) coverage for these areas estimated from the 2013, 2015, and 2017 surveys was 54.1%. The 2016 EDHS report indicated that for the national as a whole, 16% of children aged 12-23 months had not received any polio vaccinations, 81% had received their first dose of polio vaccine, and 56% received three doses of polio vaccine. 3 A study conducted in Jigjiga woreda, Somali Region, reported OPV 0 and OPV 3 coverage, based on card and history, of 14.6% and 44.1%, 8 and the 2011 EDHS reported an OPV 3 coverage of 44.3%, 6 lower than our findings for the CGPP implementation area. Arba Minch, in southern Ethiopia, reported a very high OPV 3 coverage of 86.3%. 9 Full OPV coverage was significantly and independently associated with survey year, maternal education and religion, whether mothers had heard about polio, their knowledge about the effect of many OPV doses, and the starting age of first dose of polio vaccine. These results are consistent with other studies. The 2016 EDHS reported that vaccination coverage increases with mother's education, 3 whereas Kiptoo et al. 10 found that lack of knowledge on immunization schedule, nomadic life style, low education level, and home delivery were significant factors associated with low immunization coverage in Kenya. Similarly, analysis of the Pakistan DHS 2012-2013 data identified maternal education as one of the factors significantly associated with complete OPV vaccination. 11 A similar independent association between religion and vaccination status was reported in a study identifying factors associated with full immunization in Techiman Municipality, Ghana. 12 Although the high prevalence of home deliveries contributes to low OPV 0 coverage, 13 another reason for low OPV 3 coverage might be the high dropout rate between OPV 1 and OPV 3. Although the national OPV dropout rate was substantial according to the 2011 EDHS (48.3%), 6 in the CGPP implementation areas it was 13.7% or less in the 2013, 2015, and 2017 CGPP surveys. Notably, the average dropout rate over the period from 2013 to 2017 in the CGPP implementation areas was 7.3%, which is far lower than in the national 2011 and 2016 EDHS surveys.
Other studies have reported varying dropout rates. In Kenya 10 and Angola, 13 relatively higher dropout rates have been reported (19.1% and 33.0%, whereas a study conducted in the urban slums of Jagdalpur city, India, reported a dropout rate of only 8.9%, 14 similar to our findings. The CGPP programming has focused on ensuring that children in its program implementation areas receive all doses of OPV. The low dropout rate reported for the CGPP implementation area suggests that these efforts have made a difference and should continue.
Vaccination timing and interval. The vaccination series for OPV should be completed as early in life as possible as the age at highest risk of wild poliovirus infection in most developing countries occurs between 6 and 24 months of age. Currently, the recommended schedule for OPV is at birth, 6, 10, and 14 weeks of age. OPV administration at the recommended ages and in accordance with the recommended intervals between doses provides optimal protection. 15 The results from this study indicate that a substantial percentage of children are not receiving OPV doses with the prescribed spacing or at the prescribed age. In this regard, our analysis of the CGPP 2015 survey showed that 19.8% of children received OPV 0 after 15 days of age and 25.4% received OPV 1 before 6 weeks of age. The 2017 CGPP survey data showed that 9.1% received OPV 0 after 15 days of age and 17.3% received OPV 1 before 6 weeks of age. In addition, an analysis of the time interval between successive doses of OPV indicated that 11.9% and 7.0% of children received OPV 2 less than 4 weeks after receiving OPV 1 in 2015 and 2017, respectively. Similarly, 5.8% and 8.1% of children received OPV 3 less than 4 weeks after receiving their dose of OPV 2 in 2015 and 2017, respectively. However, these rates of inappropriate timing of doses are significantly lower than those reported in the 2011 EDHS. Although the issues of timeliness and spacing are not the ones that plague Ethiopia alone, as studies in Uganda and Nigeria demonstrate, 16, 17 they are nonetheless notable. Doses administered too close together or at a too young age (after the birth dose) can lead to a suboptimal immune response. 15 The results of our study suggest that providers need to take more care in ensuring that polio immunizations are given at appropriate times.
CONCLUSION
Although significant gains have been made in polio-related vaccination coverage in pastoral and semi-pastoral regions of Ethiopia, rates remained below the desirable coverage of 80-90%. Mothers' knowledge about polio immunization, their religion, and educational level are important predictors of full polio vaccination status in their children. These findings point to the importance of educating young girls and women and ensuring access to primary and secondary schooling. Continuous polio awareness creation activities need to consider the local context and the involvement of local stakeholders, including community leaders and volunteers, and providing special training to CVs to provide birth dose OPV for home deliveries may be an area that might be put in place in hard-toreach area in collaboration with community health workers. Polio-related education must include mothers with low or no education, as their children are at risk of incomplete vaccinations. Overall, almost all (85%) mothers in the CGPP surveys had heard of polio. However, more than a quarter had misconceptions about the benefits of more polio doses, and 48% wrongly stated the starting age for polio vaccine. Education should focus on increasing knowledge of vaccine benefits and the importance of timeliness in dosing.
In addition, this study found that children of Muslim mothers were less likely to be vaccinated against polio. It is important to understand the factors that underlie this finding. The CGPP should continue to work with religious leaders, both Muslim and Christian, to dispel any misconceptions linked to religious teachings and strengthen accurate knowledge among Muslim mothers.
Vaccination cards hold critical information about vaccination types, dates, and spacing. Without them, it is difficult to get accurate information. Survey data indicated that many caregivers did not have vaccination cards accessible or that they were possibly inaccurately filled out. The CGPP should continue to support parents in obtaining and retaining vaccination cards. Training and refresher training for health workers and immunization providers is necessary to improve quality and accuracy of recording. This is necessary to ensure that children are given needed vaccines and that they are given in a timely manner.
Ethiopia has made great, notable strides in its efforts to increase polio vaccination coverage over the last 10 years. The CGPP has leveraged community networks and partnerships in the most hard-to-reach, highest risk areas of the country. These efforts have made it possible to increase polio vaccination coverage rates and to decrease dropout rates. Improving the timeliness of polio immunization administration requires continued emphasis.
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